Streptozotocin Heart a b s t r a c t
Introduction
Diabetes mellitus is one of the most common endocrine metabolic disorders and is associated with marked morbidity and mortality due to cardiac complications [1, 2] . The pathophysiology underlying diabetes-induced cardiac damage is complex and is induced by several factors, including elevated oxidative stress, high proinflammatory cytokines and dyslipidemia as the main risk factors [3] . It was recently reported that short-term diabetes induces cardiac antioxidant depletion, increases the oxidative stress levels, and results in cardiac apoptosis as early as three weeks after diabetic induction in rats [4] . A similar finding was reported after the administration of streptozotocin (STZ) for four days [5] . In diabetes, the dysregulation of programmed cell death is a significant factor of cardiomyopathy. In human and animal models of diabetes, cardiac pathology is associated with excessive apoptosis [5, 6] that progressively leads to histopathological features and eventually to heart disease [7, 8] . Overwhelming evidence indicates that cardiomyocyte apoptosis in diabetes is associated with cytopathological features [9, 10] , which is likely a direct result of hyperglycemiatriggered caspase 3 activation [3, 11] . There are two pathways known to produce cardiac apoptosis, namely the mitochondrial and the death receptor-mediated pathways, and both are influenced by cellular antioxidants [5] . Caspases 8 and 9 are initiator caspases for the extrinsic and intrinsic pathways, respectively, and caspase 3 is activated by both pathways and initiates apoptosis. The early event of myocyte apoptosis is characterized by nuclear damage, which is often undetectable morphologically, but DNA damage can be identified by several techniques, including the comet assay. The initial phase of the apoptotic process is followed by nuclear fragmentation and later by cytoplasmic alterations [12, 13] . In diabetes, oxidative stress is the key element in all of mechanisms underlying cardiomyopathy and apoptosis, both of which are associated with hyperglycemia and hyperlipidemia [3] .
Beyond the beverage use of tea, naturally derived catechins have been recognized to have numerous health benefits. However, the molecular mechanisms through which these molecules mediate their effects remain largely unknown [14, 15] . Green tea is obtained from the fresh leaves of the Camellia sinensis plant and is processed to prevent oxidation of the polyphenolic constituents [16] . Experimental and clinical studies have confirmed the efficacy of phytochemicals in the modulation of oxidative stress-induced cardiovascular diseases associated with diabetes [17, 18] . Catechins are flavanols that constitute the majority of soluble solids of green tea. EGCG [(À)-epigallocatechin-3-gallate] is the main catechin [19] and ECG [(À)-epicatechin-3-gallate] is the second most concentrated catechin component of green tea. Other major catechins found in green tea include (À)-epicatechin (EC) and (À)-epigallocatechin (EGC) [20] . Catechins afford an antioxidant effect by inducing antioxidant enzymes, inhibiting prooxidant enzymes and scavenging free radicals [16] . The potential mechanisms underlying the antioxidant effects of tea as effective scavengers of physiologically relevant reactive oxygen and nitrogen species were reviewed previously. The aromatic phenol rings present in these molecules cause them to behave as antioxidants by reducing free radicals and chelating metals in the body [21] .
Catechins of green tea, particularly EGCG, have antioxidant activity [22] , antidiabetic activity and antiobesity [23] as well as anti-inflammatory activities [24, 25] , and can modulate apoptotic processes in the liver [26] . EGCG binds to lowdensity lipoproteins (LDL) and protects them from glycation and oxidation under high-glucose medium, which mimics diabetes. Oxidized LDL and soluble vascular cell adhesion molecule-1 are markedly decreased after 30 days of green tea ingestion [27] . Oral treatment with green tea polyphenol offers cardioprotection against ischemia-reperfusion injury in an isolated rat heart model [28] . Plyphenol-60 (PP-60) has a therapeutic effect on acne by suppressing inflammation, specifically by inhibiting IL-8 secretion [29] .
The beneficial effects of green tea are related to catechins, particularly EGCG [30] . However, no previous study has investigated the efficacy of polyphenon-60, which contains pure catechins, mainly EGCG, in diabetes-induced cardiomyopathy in rats. In addition, the mechanisms involved in its beneficial effects are not fully understood. Therefore, the present study was designed to evaluate the cardioameliorative effects of polyphenon-60 in STZ-induced early cardiac injury in rats and attempts to understand the mechanism underlying the therapeutic effects of this compound with reference to biochemical and molecular markers.
2.
Materials and methods
Chemicals
Green tea polyphenol (polyphenon-60) and streptozotocin (STZ) were purchased from Sigma (Sigma, St. Louis, MO, USA).
Experimental design and animal groups
Male Wistar rats weighing approximately 250e300 g were obtained from the Laboratory Animal Maintenance Unit, Faculty of Science, Mansoura University and acclimatized to the laboratory conditions for two weeks. They were maintained at 25 ± 2 C and a 12-h light/12-h dark cycle. The rats were given standard commercial rat chow and water ad libitum. All of the experiments were conducted in accordance with protocols approved by the local ethical committee for in vivo animal experiments. The animals were divided into four groups of eight rats each. The first group served as a control. The second group received an oral dosage of polyphenon-60 (100 mg/kg body wt) every other day for a period of two weeks. The third group received a single i.p. injection of STZ (40 mg/kg body wt). The diabetic state of the rats was confirmed by determination of the blood glucose level after two days of STZ injection. The fourth group received STZ followed by green tea polyphenon-60 at the same doses as the second and third groups. After two weeks of treatments, overnight fasted rats were anaesthetized with sodium pentobarbital (50 mg/kg i.p.), and their blood was collected by cardiac puncture. The sera were separated by centrifugation (500Â g) for 5 min for biochemical determinations. The heart samples were homogenized in 10 volumes of 50 mM sodium phosphate buffer (pH 7.4) at 4 C for 30 s. The homogenate was centrifuged (1000Â g) for 5 min in a refrigerated centrifuge. The resulting supernatant was used for the biochemical determinations.
Biochemical analysis
The blood glucose, insulin and HbA1c levels were estimated using kits supplied by Spinreact (St. Esteve d'en Bas Girona, Spain), Abcam (Cambridge, MA, USA) and BioSystems e g y p t i a n j o u r n a l o f b a s i c a 
Molecular analysis
Heart samples were prepared for flow cytometry as previously described [32] . The cells obtained were suspended in PBS with BSA, divided into aliquots collected in round-bottom tubes (Becton Dickinson) and stored at 4 C for flow cytometric analyses. The flow cytometric analyses were performed on a FACSCalibur™ cytometer (BD Biosciences, San Jose, CA, USA) using the CellQuest Pro software (Becton Dickinson) for data acquisition and analysis [33] .
Flow cytometric analysis of apoptosis with Annexin VeFITC/PI staining
Apoptosis in the heart samples was probed using fluorescein isothiocyanate-conjugated annexin V/PI with the ApoAlert kit from Clontech (Palo Alto, CA, USA) according to the manufacturer's instructions. The flow cytometric analyses were performed on a FACSCalibur™ cytometer (BD Biosciences, San Jose, CA, USA) using the CellQuest Pro software (Becton Dickinson) for data acquisition and analysis [33] .
Flow cytometric analysis of Bcl-2 and Bax
Heart samples were prepared with PBS/BSA buffer and then incubated with anti-Bcl-2 [100/D5] antibody (ab692) or antiBax [6A7] antibody (ab5714) for 15 min at room temperature. The cells were then resuspended in 0.5% paraformaldehyde in PBS/BSA and analyzed by flow cytometry.
Flow cytometric analysis of P53
The cell suspensions were prepared with a PBS/BSA buffer, incubated with antibody (mouse anti-P53 "aa20-25" FITC, Clone: DO-1), mixed well and incubated for 30 min at room temperature. The cells were washed with PBA/BSA and centrifuged at 400Â g for 5 min, and the supernatant was discarded. The cells were then resuspended in 0.5% paraformaldehyde in PBS/BSA and analyzed using a flow cytometer [34] .
Flow cytometric analysis of CD95
The cell suspensions were prepared with a PBS/BSA buffer, incubated with antibody (monoclonal anti-Fas (CD95/Apo-1) antibody), mixed well and incubated for 30 min at room temperature. The cells were washed with BD Perm/Wash (BD Bioscience) and centrifuged at 400Â g for 5 min, and the supernatant was discarded. The cells were then resuspended in BD Perm/Wash and analyzed by flow cytometry.
Flow cytometric analysis of caspases 3, 8 and 9
The cell suspensions were prepared with a PBS/BSA buffer, incubated with antibody FITC rabbit anti-active caspase-3 antibody (CPP32; Yama; Apopain, BD Bioscience); anticaspase-8 (E6) antibody (Abcam); or rabbit monoclonal anticaspase 9 (E23) antibody (ab32539), mixed well and incubated for 30 min at room temperature. The cells were washed with BD Perm/Wash (BD Bioscience) and centrifuged at 400Â g for 5 min, and the supernatant was discarded. The cells were then resuspended in BD Perm/Wash and analyzed by flow cytometry.
Single-cell gel electrophoresis (comet assay)
The DNA damage in the heart samples was assessed using the single-cell gel electrophoresis (comet assay) method, a wellvalidated technique developed for measuring DNA strand breaks in individual cells, as described previously [35, 36] . The quantification of the DNA from the obtained images was performed with the CASP software, which allows the direct determination of the percentage of DNA in the tail.
Statistical analysis
The data are presented as the means ± S.D. The statistical analyses were performed by one-way ANOVA followed by Students NewmaneKeuls post-hoc test. Statistical significance was considered as P < 0.05.
Results
The effect of polyphenon-60 on blood glucose and body weight in the different animal groups was studied during the experimental period. The body weight of the diabetic rats was gradually decreased during the experimental period compared with that of the control group. The treatment of the diabetic rats with PP-60 (100 mg/kg) resulted in a marked amelioration along the experimental period compared with the diabetic group (Fig. 1a) . The blood glucose of the diabetic rats was significantly increased during the experimental period compared with that of the control group. The treatment of the diabetic rats with PP-60 resulted in a marked amelioration along the experimental period compared with e g y p t i a n j o u r n a l o f b a s i c a n d a p p l i e d s c i e n c e s 2 ( 2 0 1 5 ) 1 2 0 e1 3 1 the diabetic group (Fig. 1b) , but the level was significantly lower than that of the control group. STZ treatment produced a significant elevation in the serum glucose and HbA1c levels two weeks after injection ( Fig. 2a and b ). These diabetic rats had significantly higher HOMA-IR levels and secreted significantly less insulin than the control group (Fig. 2c and d) . The oral treatment of the diabetic rats with PP-60 showed a significant effect on the serum glucose and HbA1c levels and presented significantly higher insulin and HOMA-IR values compared with that of the diabetic rats.
Compared with the control group, the lipid profile, including the levels of total lipids, triglycerides, total cholesterol, low-density lipoprotein and very-low lipoprotein, was significantly higher, whereas the level of high-density lipoprotein was significantly lower in the diabetic rats ( Table 1 ). The treatment of the diabetic rats with PP-60 caused marked amelioration of the lipid fractions toward the control levels compared with the diabetic group ( Table 1) .
The diabetic rats showed significantly higher activities of CK-MB and LDH in the serum compared with the control values. The oral treatment with PP-60 after diabetic induction normalized the increase in the activities of these enzymes and demonstrated insignificant changes compared with those of the control group (Fig. 3) .
A significant increase in lipid peroxidation was demonstrated in the heart of the diabetic rats, as indicated by the increase in the MDA and H 2 O 2 concentrations after STZ treatment (Table 2) . A marked control of lipid peroxidation and generation of H 2 O 2 in the heart against the diabeticinduced increase in the MDA level and generation of H 2 O 2 by the oral administration of PP-60 after STZ treatment was demonstrated. The cardiac content of GSH and activities of SOD and CAT significantly decreased after diabetic induction by STZ. This effect was significantly prevented in the heart by the oral administration of PP-60 into the diabetic rats.
The degree of apoptosis in the heart was assessed through flow cytometric analysis with Annexin V-FITC staining (Fig. 4) . The data demonstrate that the percentage of apoptotic cells was significantly higher in the heart of the diabetic rats compared with the controls (Fig. 4a) . Treatment with PP-60 significantly minimized the number of apoptotic cells compared with the diabetic rats. In addition, DC95 was significantly increased in the heart of diabetic rats compared with the controls (Fig. 4b) . The effects of PP-60 and diabetes on specific apoptotic proteins were assessed. The flow cytometric analysis demonstrated that the anti-apoptotic protein Bcl-2 was significantly decreased and that the apoptotic protein Bax was increased in the heart of diabetic rats and that treatment with PP-60 markedly normalized the changes in the expression of these proteins ( Fig. 4c and d) . The expression of caspases 9, 8 and 3 was strongly detected in the heart of the diabetic rats, and the treatment with PP-60 significantly inhibited the diabetes-induced activation of these apoptotic proteins (Fig. 5aec) .
The diabetic rats had significantly higher levels of IL-1b, IL-6, and TNF-a compared with the control values. The oral treatment with PP-60 after diabetic induction normalized the increase in the levels of these cytokines in the serum and displayed insignificant changes compared with those of the control (Fig. 6aec) .
The rats in both the control and PP-60-treated groups had lower levels of both the percentage of p53 and tail DNA in the hearts compared with the diabetic rats, with the latter appearing to be more severe than the former (Fig. 7a) , suggesting oxidative DNA damage in the diabetic rats. The treatment of diabetic rats with PP-60 significantly ameliorated both the percentage of tail DNA and p53 in the heart compared with the diabetic rats (Fig. 7b) .
Discussion
There is increasing evidence of a protective effect of green tea catechins against cardiac disease. The present results demonstrate the mechanism underlying the antiapoptotic action of green tea PP-60 synchronized with amelioration of metabolic risk factors and oxidative stress as well as the modulation of proinflammatory cytokines in STZ-diabetic rats.
The results demonstrated a significant improvement in the levels of serum glucose and HbA1c accompanied with a marked amelioration of insulin release and HOMA-IR in the diabetic rats treated with PP-60. Previous studies have shown 
that green tea catechins inhibit intestinal glucose uptake by the sodium-dependent glucose transporter SGLT1 [37] , activates glucose uptake, and mimics insulin in that it decreases the expression of genes that control gluconeogenesis [38] . Moreover, EGCG increases the tyrosine phosphorylation of the insulin receptor and insulin receptor substrate [39] . Furthermore, the administration of 100 mg/kg PP-60 markedly improved the body weight loss in the diabetic rats in comparison with the diabetic group. This is likely due to the protective effect of green tea catechins in decreasing gluconeogenesis and regulating muscle loss [40] .
The present study showed that green tea PP-60 may increase the heart antiglycating activity produced by diabetes, as previously observed in aortic tissue [41] , and this finding was supported by a decrease in HB-A1c in the PP-60-treated diabetic rats (Fig. 2) . This finding is supported by the present findings that PP-60 ameliorates the elevation of IL-1b, IL-6, and TNF-a in the sera of diabetic rates treated with PP-60. It has e g y p t i a n j o u r n a l o f b a s i c a n d a p p l i e d s c i e n c e s 2 ( 2 0 1 5 ) 1 2 0 e1 3 1 been suggested that the presence of the gallate group at position 3 plays an essential role in the protection against protein oxidation and glycation [42] . In line with these findings, PP-60 significantly reduced HOMA-IR in STZ-diabetic rats (Fig. 2) , supporting the finding that green tea catechin improves the insulin resistance of diabetic rats. Similarly, the HOMA-IR index has been found to increase when dogs become obese and decreases after green tea treatment [43] . It is possible that green tea increases GLUT4 translocation in muscle cells [43] . EGCG also inhibits dexamethasone-induced insulin resistance through the AMPK and PI3K/Akt pathways [44] . This finding implies that PP-60 may protect against insulin sensitivity and improves glucose homeostasis. Previous studies have also shown that EGCG may increase insulin activity [45, 46] . Thus, supplementation with PP-60 ameliorates risk factors, improves glucose homeostasis and may be beneficial to diabetes for preventing possible early cardiac events.
Hyperglycemia is not the only major factor affecting cardiac complications. Dyslipidemia has been reported to be particularly important for the development of cardiomyopathy [6, 47] . Therefore, improvement of the lipid profile in serum is a feasible health strategy that considers the therapeutic potential of EGCG on cardiovascular disease. Both experimental and clinical studies have suggested that EGCG may have such an effect [46, 48] . The administration of PP-60 to the diabetic rats significantly lowered the serum levels of total cholesterol, triglycerides, and low-density and very-low-density lipoproteins and resulted in a significantly higher serum level of high-density lipoprotein compared with the diabetic rats. Previous studies have shown that catechin extracted from green tea improves the serum lipid profile in rats fed an atherogenic diet [49] and injected with STZ [50] and in obese patients with metabolic syndrome [51] . A recent study showed that the tea polyphenol EGCG actually binds to lipoprotein particles and facilitates the LDL antioxidant and anti-glycation activities in a high glucose environment. Lowering the levels of serum lipid risk factors through dietary polyphenol treatment appears to be the main scheme for decreasing the threat of cardiac disease and related complications [52, 53] . These results indicate that EGCG is the major component of polyphrnol-60 that has a beneficial effect for protecting against risk of cardiac disease by improving the lipid levels. Thus, EGCG is a primary agent in LDL-lowering therapy for the reduction of cardiac risk. 
Concomitant with the disturbed metabolic risk factors, increased events of oxidative stress were found in the heart of the diabetic rats. Treatment with PP-60 evidently prevented the diabetes-induced decrease in SOD and CAT activities and MDA formation, which culminated into a marked amelioration of oxidative stress in the heart tissue. Oxidative stress leads to the accumulation of the lipid peroxidation product MDA in the heart and causes impaired cell function. Mounting evidence strongly indicates the potency of the free-radicalscavenging abilities of catechins due to the presence of the C-ring gallate group. Galloylated catechins, including PP-60, are strong antioxidants due to their higher phospholipid/ water partition coefficients and hence have the protective properties of the membrane phospholipids [54] . Green tea extract can decrease lipid peroxidation markers, including lipid hydroperoxides, 4-hydroxynonenal and malondialdehyde, in the liver, serum and brain [55] . These results confirm the ability of PP-60 to attenuate oxidative stress in the heart.
Marked increased in the serum CK-MB and LDH activities were demonstrated in the diabetic group, suggesting the incidence of significant injury in the membrane of cardiomyocytes, likely due to lipid peroxidation, and the leaking of the functional marker enzymes into the blood. After PP-60 treatment, the diabetic rats presented significant reductions in the elevated activities of CK-MB and LDH, demonstrating the efficiency of green tea catechin for the protection of cardiomyocyte integrity. This finding agrees with the ability of EGCG to significantly decrease reactive oxygen species (ROS) and cytosolic Ca 2þ and to prevent alterations in the protein expression of the adherens molecules b-catenin and N-cadherin and the gap junction protein connexin 43 in cardiac cells [56] . Green tea significantly reduces the serum biomarker levels, increases the antioxidants levels in cardiac tissue and restores electrocardiographic changes compared with the isoproterenol-only-treated group [57] as well as reduces cyclophosphamide-induced myocardial toxicity [58] . These data clearly show that PP-60 is effective against cardiac stress. The upregulation of the pro-inflammatory cytokine TNF-a, which increases after increases in ROS and oxidative stress, has emerged as a significant contributor to myocardial heart failure [59, 60] . The effect of hyperglycemia-induced oxidative stress on inflammation has been documented by numerous studies [61, 62] . A previous study found that the levels of IL-6, TNF-a and IL-18 were increased significantly in patients with impaired glucose tolerance [63, 64] . Therefore, it has been hypothesized that polyphenols can modulate cellular signaling processes during inflammation due to their antioxidant properties. It has been reported that green tea extract reduces the serum levels of TNF-alpha, insulin, and free fatty acid and decreases the mRNA expression level of TNF-alpha, interleukin (IL)-6, IL-1b, and IL-18 in the liver of obese mice [65] and prevents cardiac fibrosis by attenuating TNF-a [66] . TNF-a is critical for the induction of the inflammatory response. Experimentally induced diabetes mellitus is characterized by intramyocardial inflammation, including increased TNF-a expression and myocardial fibrosis [67] . Hyperglycemia can produce ROS, which in turn triggers TNF-a gene expression, and treatment with the ROS scavenger N-acetylcysteine significantly reduces the hyperglycemia-induced TNF-a [68] . Our experimental results are consistent with those of previous studies, which have revealed that the circulating IL-1b, IL-6, and TNF-a levels are elevated in STZ-induced diabetic rats [67] , and agree with the results of a study that showed that EGCG reduces the expression of IL-6 and TNFa in the heat of an I/R injury model by decreasing NFkB [69] . We further observed that PP-60 suppresses the elevated level of these cytokines. In conjunction with the hypoglycemic and antioxidant activities of tea catechins, the results imply that PP-60 may reduce proinflammatory cytokines by modulating the glucose levels and oxidative stress in the heart of diabetic rats.
To investigate the mechanism underlying the action of PP-60 on cardiac apoptosis in diabetes, we determined the levels of apoptosis and related regulatory proteins in the heart of STZ-induced diabetic rats before and after PP-60 treatment. In the diabetic group, the numbers of both apoptotic and necrotic cells were increased significantly compared with the control group, whereas PP-60 markedly reduced the numbers of these cells. In addition, PP-60 normalized the levels of CD95, caspases 8, 9, and 3 and Bax in the same group. These results indicate a marked modulation of both extrinsic and intrinsic apoptotic pathways in the heart of PP-60-treated diabetic rats and provide evidence that EGCG has the ability to modulate apoptotic pathways in diabetes. EGCG protects against subsequent apoptosis following I/R injury in cardiac surgery by regulating the Bcl-2/Bax ratio and blocking the cleavage of caspase 3 [28] . Similarly, EGCG increases the expression levels of Bcl-2, Mn-superoxide dismutase, and catalase, decreases the levels of Bax and increases the ratio of Bcl-2/Bax in isolated rat hearts [70] . In addition, EGCG modulates apoptosis by preventing the expression of the proapoptotic genes Bax, Bad and Mdm2 while inducing the anti-apoptotic genes Bcl-2, Bclw and Bcl-xL in SH-SY5Y cells [71] . These results show that EGCG, which is the most abundant antioxidant catechin in PP-60, exerts a protective effect on cardiac injury by acting as an antioxidant and anti-apoptotic agent.
The present results further show that the mechanism may be related to the inhibitory effects of PP-60 on p53 induction and DNA damage. A previous study demonstrated that p53 plays an important role in cardiomyocyte apoptosis in cardiac hypertrophy because the upregulation of the p53 and its dependent genes is important in the modulation of myocyte apoptosis in heart failure [71] . The present results demonstrated obvious DNA damage with a markedly high fraction of tail DNA and typical comet-like nuclei, which are indicative of increased DNA damage in the hearts of diabetic rats. Thus, apoptosis results in nuclear fragmentation via the action of caspases as well as pro-inflammatory cytokine release.
The oral treatment of diabetic rats with PP-60 inhibits the increase in the comet parameter compared with diabetic rats.
The mechanism of protection may be attributed to the effective antioxidant and scavenging free radical potential of catechin. These data confirm recent reports that EGCG markedly protects against DNA damage and oxidative stress in different cells and tissues, including human leucocytes [72] , human mucosa cell cultures [73] and liver cells [74] . PP-60 treatment effectively upregulates Bcl-2, downregulates p53 and protects against DNA damage. Hyperglycemia activates p53 and p53-regulated genes leading to myocyte cell death [13] . It has been reported that p53 can act to regulate the intracellular redox state and induces apoptosis by a pathway dependent on ROS production [71, 75] . In contrast, Bcl-2 exerts anti-apoptotic and anti-necrotic effects through its antioxidant influence on intracellular ROS [6, 76] . Bcl-2 may decrease lipid peroxidation by enhancing cell resistance to ROS and preventing ROS production [71] . Therefore, we propose that the anti-apoptotic effect of PP-60 by decreasing p53 induction and the decrease in Bcl-2 may be related, at least in part, to its antioxidant impact. It appears that PP-60 decreases apoptosis by blocking DNA damage via the action of caspases and proinflammatory cytokine suppression.
Conclusions
The modulation of pro-inflammatory and pro-apoptotic pathways by green tea catechins in the diabetic heart may be an additional pathophysiological mechanism that prevents further consequences of the diabetic heart and beneficially prevents progression of the complication. It appears that the pleiotropic effects of polyphenon-60, including its antihyperglycemic effect, its influence of hypolipidemia, its attenuation of the oxidative stress reduction induced by circulating pro-inflammation cytokines and its anti-apoptotic 
action through the modulation of its related regulated proteins, contribute to and accompany the beneficial effects of treatment with PP-60 on diabetic heart dysfunction.
